Abstract The Western Australian wheat-belt has experienced more rainfall decline than any other wheat-cropping region in Australia. Future climate change scenarios suggest that the Western Australian wheat-belt is likely to see greater future reductions in rainfall than other regions, together with a further increase in temperatures. While these changes appear adverse for water-limited rain-fed agriculture, a close analysis of the changes and their impacts reveals a more complex story. Twentieth century changes in rainfall, temperature and atmospheric CO 2 concentration have had little or no overall impact on wheat yields. Changes in agricultural technology and farming systems have had much larger impacts. Contrary to some claims, there is no scientific or economic justification for any immediate actions by farmers to adapt to long-term climate change in the Western Australian wheatbelt, beyond normal responses to short-term variations in weather. Rather than promoting current change, the most important policy response is research and development to enable farmers to facilitate future adaptation to climate change. Research priorities are proposed.
region are predicted (IOCI 2002; Hope 2006 ). In addition, there is predicted to be an increase in temperatures and atmospheric CO 2 concentration (IPCC 2007) .
Previous analyses of the impacts of predicted climate change on wheat systems in Western Australia found that reductions in rainfall could result in a considerable decrease in wheat yield (Ludwig and Asseng 2006; van Ittersum et al. 2003) . On the other hand, in the wetter and cooler southern part of the wheat-belt, future climate change has been predicted to increase the potential wheat yield (Ludwig and Asseng 2006) .
In response to such predictions, various authors have proposed strategies for adaptation to climate change in this region, including development and uptake of new crop cultivars, improved use of seasonal climate forecasts, changes in cropping patterns and the use of traditional knowledge (Burton and Lim 2005; Humphreys et al. 2006; Salinger et al. 2005; van Ittersum et al. 2003) . In addition, it has been argued that there is urgency for agriculture to adapt to climate change as early action is believed to be rewarded (Howden et al. 2007) .
Farmers in this region have a reputation for being good at adapting to change. For example, they routinely respond to year-to-year fluctuations in rainfall by varying the areas of farm land allocated to different production enterprises (e.g. cropping versus livestock), a strategy that has been shown to generate very large financial benefits (Kingwell et al. 1993) . They are also relatively quick to adopt new technologies (e.g. D 'Emden and Llewellyn 2006) , resulting in high rates of productivity growth (Kingwell and Pannell 2005) . Therefore, we would expect farmers to adapt rapidly to climate change to the extent that they perceived it worthwhile to do so. The extent and timing of adoption of new practices by farmers depends on many factors (Knowler and Bradshaw 2007; Pannell et al. 2006 ). In the context of adaptation to climate change, key factors driving adoption decisions would include the following.
& The extent to which climate change has already occurred; & The expected extent and speed of climate change in future, and the degree of uncertainty about this; & The extent to which the practice is already adopted, or will be adopted even in the absence of climate change; & The effect of existing or predicted climate change on the relative attractiveness of the practice to farmers; and & The extent to which pre-emptive adoption of new practices will be superior or inferior to adaptation subsequent to observed changes.
In this paper, we use past climate data, future climate scenarios and crop simulation modelling to cast light on the above issues, in order to inform judgements about the most effective roles for science in supporting beneficial adaptation to climate change in the study region. In particular, we examine the relative importance of promoting adoption of existing technologies, developing new technologies, measuring and predicting climate change, and disseminating such measurements and predictions. Model results are presented and interpreted and their implications for the future roles of science are examined in the light of the above discussion of practice change by farmers.
Methods and materials

Climate data
Climate data were downloaded from the patch point dataset on the Bureau of Meteorology Silo website (www.bom.gov.au/silo). Historic climate trend and future climate scenario maps were downloaded from the Bureau of Meteorology website (www.bom.gov.au). Fifty rainfall series covering the period 2001-2050 were generated stochastically using a downscaling technique that relates changes in atmospheric predictors from a global circulation model (in this case the CSIRO Mk3 GCM) to multi-site daily rainfall (Charles et al. 1999) supplied by Dr S. Charles (pers. comm.) . The stochastic nature of the generated series accounts for the variability in the timing of daily rainfall sequences resulting from natural climate variability and long-term climate change. Rainfall data were generated for the Katanning location in the wheat-belt of Western Australia under an A2 climate-change scenario (A2 describes a very heterogeneous world with high population growth, slow economic development and slow technological change, IPCC 2007).
2.2 Synthesis of existing crop simulation studies of rainfall and temperature changes A number of past studies have addressed the impact on wheat yields in the study region of past and predicted climate changes, particularly changes in rainfall and temperatures Asseng 2006, 2010; Ludwig et al. 2009; Van Ittersum et al. 2003) . A synthesis of these studies is prepared, and discussed in conjunction with the climate data outlined above, and in combination with new modelling runs examining the impact on yields of elevated atmospheric CO 2 concentration (see below).
CO 2 impact simulations using the APSIM-Nwheat model
The Agricultural Production Systems SIMulator (APSIM) for wheat (APSIM-Nwheat version 1.55 s) is a crop simulation model consisting of modules that incorporate aspects of soil, water, nitrogen, crop residues, crop growth and development, and their interactions within a crop/soil system that is driven by daily weather data (Keating et al. 2003) . APSIM-Nwheat has been extensively tested against a range of field measurements from many different environments (Asseng et al. 2001b; Asseng et al. 2004; Asseng et al. 1998b; Asseng et al. 2001c; Asseng et al. 2000) . Documented model source code in hypertext can be requested from Dr Brian Keating (Brian.Keating@csiro.au). Further information about APSIM is provided in the Supplementary Information.
A simulation experiment of changing atmospheric CO 2 concentration was carried out for two contrasting but representative locations in the Western Australian wheat-belt: a lowrainfall location, Mullewa (long-term average annual rainfall0337 mm), and a mediumrainfall location, Katanning (long-term average annual rainfall0477 mm). Simulations included the grain yield response over the last 50 years to a change in CO 2 concentration from 330 to 380 ppm with a nitrogen fertiliser application of 50 kg/ha (which is approximately the current average fertilizer use by farmers in the region) and the grain-yield response over the next 50 years to a change in the atmospheric CO 2 concentration from 380 to 580 ppm (IPCC 2007) assuming a N fertiliser application of 150 kg/ha (split into two applications). The simulations were carried out with climate data from 1987 to 2008 and for the five major soil types of the Western Australian wheat-belt, ranging in plant-available water-holding capacities from 55 to 130 mm (Asseng et al. 2001a) .
For all simulations, soil organic carbon (OC), C:N ratio, soil mineral N and water contents were re-set every year in autumn to: OC<1.2 % in the top 10 cm of soil, rapidly declining with depth (Asseng et al. 2001b) , to a C:N ratio between 13 and 15 (Anderson et al. 1998 ), a dry soil profile (no plant-available stored soil water, as is common after a Mediterranean summer), and a total of 50 kg mineral Nha −1 [a low soil N content that is common in the study region (Asseng et al. 1998a) ]. The decision was made to exclude 'carry-over' effects from previous seasons, because the focus of the study is on wheat yields, and almost no farmers in the study grow wheat continuously, but instead employ a range of rotations with legume crops, oil seed crops and legume or grass-based pastures. Without representing these rotations, any simulation of cumulative carry-over effects would be inaccurate. It was judged that the impact of this decision on results would be minor relative to the climatic and CO 2 changes that were simulated.
Similar to current farming practice, the sowing date depended on the start of the autumn rains. A locally well-adapted wheat variety was sown at each location when rainfall was at least 10 mm over the previous 10 days and the water content in the topsoil (5-10 cm) was at least 50 % of plant available water.
Zero tillage practices were assumed in the simulation which are also common practices in the Western Australian wheat-belt (D' Emden and Llewellyn 2006; Flower et al. 2008; Llewellyn and D'Emden 2009) . After several years of zero tillage little changes in organic carbon were assumed (Dalal et al. 1995) . Differences in N mineralization under different climate regimes are also unlikely to be significant for this analysis. Soil temperature in this region often exceeds 59°C in summer (in top 1.3 cm) in this environment (Chatel and Parker 1973) and a 2°C increase is unlikely to have any notable impact on N mineralization rates. Temperature is also not the limiting factor for N mineralization for most parts of the year in the studied systems. Rather, it is soil water moisture in the top 5 cm, where 95 % of the organic matter is located in these soils (Anderson et al. 1998) . For these reasons, changes in temperatures were assumed to be too small to have a significant effect on temperature-driven soil processes (Luxhoi et al. 2008) and have therefore been ignored in the simulations by resetting soil parameters annually. This simplification, via its effects on mineralization, soil carbon, soil water storage and crop nutrition, may have resulted in the simulations slightly under-or overestimating the impacts of future climate change. Effects of elevated CO 2 on soil organic carbon contents were assumed to be small due to the common low nutrient status of the sandy soils of Western Australia restricting any significant soil carbon sequestration (Lal 2004 ).
Results
Past climate trends and impacts on yields
Rainfall changes since 1900 have been heterogeneous across Australia (Fig. 1) . The Western Australian wheat-belt has had a 20 % rainfall decline over the past 110 years, more than any other wheat-growing region in Australia. Losses in other parts of the wheat-belt have been approximately 10 % in parts of the South Australia and 8 % in parts of Queensland, while in other wheat-growing regions in eastern Australia there has been no change or even some increase in rainfall during this time (Fig. 1) .
Examining rainfall changes in more detail at a specific location, Fig. 2 shows growingseason (April-October) rainfall since 1889 for Morawa, a location in the northern wheat-belt of Western Australia. There has been a decline in the average from about 300 mm at the beginning of the last century to about 230 mm currently. Importantly, the decline in rainfall is mainly caused by a reduction in the frequency of very wet seasons, i.e. seasons with rainfall above 350 mm, but there has not been an increase in the frequency or severity of very dry seasons. This pattern is replicated across most parts of the Western Australian wheat-belt (see www.bom.gov.au for other locations and regional means).
Associated with reduced rainfall has been a change in the intra-year distribution of rainfall. Figure 3 for Mullewa (also in the northern wheat-belt of Western Australia) illustrates the common pattern. Comparing the distribution of monthly rainfall from 1945 to 1974 with that for 1975 to 2008 reveals that the only significant change has been a decline in average rainfall during the wettest months, June and July. This has important implications for crop yields. Using crop modelling over 60 years of historical rainfall data across various locations of the Western Australian wheat-belt, Ludwig et al. (2009) concluded that the decline in average rainfall has resulted in no change in wheat yield potential. The reasons for this are that (a) crops have low evapo-transpiration demand during the cool winter months in which the decline has occurred, (b) given the unpredictability of weather, farmers do not apply sufficient inputs (particularly fertilizer) to achieve the higher yields that are theoretically possible in wet years, and (c) most Western Australian soils have low water-holding capacity, so a large proportion of unused water is lost below the root zone of crops. For these reasons, if climate had not changed, the maintenance of higher rainfall in June and July would not have resulted in higher wheat yields than currently observed (Ludwig et al. 2009 ). Wide-spread temperature recording started in Australia about 50 years ago. Since then, temperature changes across the country have been less spatially variable than rainfall changes. Over the Western Australia wheat-belt region, temperatures have increased by about 0.8°C. This is a relative small change which might have had a positive impact on wheat yields if it had been evenly distributed across the year (van Ittersum et al. 2003) . However, it has involved relatively large increases in the frequency of extreme heat, which has the potential to significantly reduce yields (Asseng et al. 2011) . Figure 4 illustrates this for the central wheat-belt town of Cunderdin, showing that the frequency of hot days during the heat-sensitive grainfilling stage of crop growth has increased.
As well as being a driver of climate, atmospheric CO 2 concentration can influence crop yield directly, as noted above. The concentration has increase by about 1 ppm per year over the last 50 years (IPCC 2007) . The impact of this change on yield will be discussed in conjunction with predicted future CO 2 increases in the next section. 
Future climate change and impacts on yields
Future climate change projections are inherently uncertain, particularly in the long term (IPCC 2007) . They depend in part on global emissions of greenhouse gases, which in turn depend on economic activity, technology change and climate policy measures over the relevant time frame. Uncertainty about each of these factors increases with the length of time frame. In addition, the world's climatic system is complex, chaotic and imperfectly understood, so that there is additional uncertainty inherent in the results of global circulation models (GCMs), which are the tools used to predict climate conditional on a range of potential climate-change scenarios (IPCC 2007) . Uncertainty is greater about rainfall than about temperatures, and atmospheric CO 2 concentration is the least uncertain of these factors (IPCC 2007) . Uncertainty in the minds of farmers is likely to be increased by current vociferous public debates about the veracity of elements of climate science. Uncertainty about climate change is likely to be an important influence on farmers' decision making, as discussed later.
For the purpose of this analysis, we adopt the A1B emissions scenario (IPCC 2007), for which the consequences for Australia were summarised by the Bureau of Meteorology Australia (www.bom.gov.au/climate/change/). Maps for this scenario are provided in Supplementary Information. Rainfall is suggested to decline across most of Australia, with the Western Australian wheat-belt experiencing the largest decline: more than 10 % by 2070, relative to 1990 levels. 2070 temperatures across Australia are estimated to increase by 2-3°C across most of the Australian wheat-belt during the heat-sensitive grain-filling period in spring. A positive impact of projected temperature increases of up to 1-3°C on yield has been reported when assuming that temperatures increase by the same degree every day across the growing season. In such a case, a positive yield impact will mainly come from accelerated development and avoidance of high maximum temperatures and terminal water stress (Rosenzweig and Parry 1994; Tubiello et al. 2000; van Ittersum et al. 2003 ). These studies ignored the possible complexities of future temperature changes, in particular the likely increased frequency of extreme temperature events (Battisti and Naylor 2009; Hennessy et al. 2008) . The impact of extreme temperatures on crops will depend on the timing, but they have the potential to cause yield reductions of 5 % for each heat-day event during grain filling (Asseng et al. 2011) . Thus, if the number of extreme-heat days during grain filling increases, the effect of temperature on wheat yields over the coming 50 years is likely to be negative. Most GCMs produce an ensemble set of runs for each emission scenario and these are normally summarised to give an average projection, with each element of the ensemble representing a potential future scenario (S. Charles, pers. comm.). Figure 5 shows such an ensemble data set of 50 individual runs for future rainfall for Katanning, a location in the south of the Western Australian wheat-belt. While the data suggest an average declining trend, slightly less than the previous rainfall decline, the differences between the individual ensembles are large, reflecting part of the uncertainty in projecting future rainfall. Importantly, these future scenarios indicate that the annual average change is very small relative to the year-to-year variability in rainfall, which will remain a feature of climate in the Western Australian wheat-belt.
The APSIM simulation model for wheat has been well-tested in a variety of relevant environments, including environments that may reflect future climatic conditions in the study region, and over a range of artificially generated elevated CO 2 field conditions (Asseng et al. 2004) . Results from the crop simulation model (Fig. 6 ) indicate that the average cumulative impact of increasing CO 2 during the last 50 years (1 ppm per year-(IPCC 2007)), has been a grain yield increase of approximately 2-8 %, depending on rainfall and, to a lesser extent, soil type. Lower-rainfall locations have larger positive yield responses to elevated CO 2 compared to higher-rainfall locations, mainly due to increased water-use efficiency under increased atmospheric CO 2 concentrations. In the future, CO 2 concentrations are likely to increase about four times faster than over the last 50 years (about 4 ppm per year-(IPCC 2007)), and this is predicted to increase yields of current wheat cultivars in the study region by 15-30 % over the next 50 years (Fig. 6 ). Percentage increases in yield are likely to be greater in dryer agricultural regions (Wall et al. 2006 ).
Discussion
Key features of the above results are as follows. Rainfall over the past 120 years has declined by 20 % in total. Because of the within-year timing of this decline, it has had almost no impact on wheat yields. Rainfall in future is highly uncertain, but the most likely outcome is considered to be continuing decline at about the same average annual rate as for the last Average temperature has increased slightly (0.8°C) over 50 years, but there has been a disproportionate increase in the frequency of hot days during grain filling (Asseng et al. 2011) , when wheat yields are adversely affected by high temperatures. Some of that impact may have been off-set by increases in temperature during sub-optimal winter months, accelerating phenology and reducing the impacts of rainfall decline and hot days at the end of each growing season (van Ittersum et al. 2003) or through interactions with elevated atmospheric CO 2 , as suggested for C4 plants by Morgan et al. (2011) . Future temperatures are less uncertain than rainfall, and will probably involve larger increases than seen historically, with correspondingly larger negative impacts on crop yields.
Increases in atmospheric CO 2 concentration over the past 50 years have increased wheat yields by approximately 2-8 %. Trends in future CO 2 concentration are much less uncertain than either of the above two climate variables. Predicted increases in CO 2 are likely to increase wheat yields in the study region by 15-30 % over 50 years.
Effects of past changes in management and technology on yields
Changes in climate and CO 2 concentration last century have, in combination, had little or no impact on wheat yields in the study region. Other changes have had much larger effects, including changes in crop varieties, crop production technologies and farming systems, including increased fertiliser use, herbicides for weed management, reduced tillage, improved machinery allowing earlier sowing, retention of crop residues, and the use of 'break' crops, largely for management of root diseases. These changes in management and technologies have combined to increase average wheat yields in the region by around 100 % over the past 30 year (Turner and Asseng 2005; Anderson et al. 2005) .
Given that the combined impacts on wheat yields of historic changes in climate and CO 2 have been minimal, and that changes in management and farming technologies have increased yields, there is currently no pressing need for farmers to make changes to their farming practices to adapt to long-term climate change. Responding to short-term (year-to-year) weather variation remains important, but has not increased in importance.
Farmer adaptation to future climate change
Farmers' adaptive responses to future climate and CO 2 changes will depend on many things. Firstly, the speed of change is important. Rapid change increases the imperative to adapt quickly, whereas slow change means that the pace of adaptation can be slow. CO 2 changes will be slow; if consistent with history, temperature changes will be slow; and rainfall changes may occur slowly or in a step function (as in the mid 1970s). If the latter, given uncertainty about the timing of the step change, the rational response would be to wait until it occurs before responding with changes to farm management practices. If the former, adaptation can occur slowly, in step with the rate of climate change.
Secondly, uncertainty reduces farmers' willingness to make changes in farm management (Marra et al. 2003; Abadi Ghadim et al. 2005) . Uncertainty about the extent of future change is very high for rainfall, moderately high for temperature and relatively low for CO 2 concentration. Notably, uncertainty is lowest for the change that will be beneficial and higher for changes that are likely to be adverse. Combining that insight with the results presented in section 3.2 indicates that changes in wheat yield over the coming 50 years are unlikely to be negative, even without allowing for changes in wheat varieties or production technologies.
The combination of uncertainty about climate changes, likely slow speed of onset (or else rapid onset at an unpredictable time), and a reasonable possibility that the overall change in average yield will not be negative means that there are benefits from delaying decision making about adaptations until after changes have occurred and the uncertainty is resolved. Assuming that there is not a step change in rainfall, year-to-year variation will be much greater than long-term climate change, at least for a number of decades, obscuring the extent and severity of change. Thus, given the current suite of agricultural technologies, substantial adaptations to climate change are unlikely to occur in this region for the foreseeable future, unless a clear step change does occur.
Thirdly, adaptation depends on the availability of suitable adaptation measures. Suggestions for farmers in this region to adapt to reduced rainfall have included: adoption of zero tillage, stubble retention, early sowing and enhanced weed control (Howden et al. 2007; Stokes and Howden 2010) and adoption of perennial crops and pastures that are less sensitive to low rainfall ). For such advice to be valuable to farmers, the practices being suggested need to be ones that would not be adopted in the absence of climate change but would be worth adopting in the presence of climate change. However, zero tillage, stubble retention, early sowing and intensive weed control are all common practice in the region already and are considered to be standard elements of 'good practice' (Anderson et al. 2005) . For example, 90 % of farmers in the wheat-belt of Western Australia already use zero tillage (D'Emden and Llewellyn 2006; Flower et al. 2008; Llewellyn and D'Emden 2009) . Farmers already have a very strong focus on weed control, as reflected in the high incidence of herbicide resistance in the region (Llewellyn and D'Emden 2009; Owen et al. 2007 ). On the other hand, perennial crops and pastures are not commonly grown in the region, largely because current species and cultivars are not sufficiently profitable to replace existing annual plants (Kingwell et al. 2003) . Bathgate and Pannell (2002) showed that the perennial pasture lucerne (Medicago sativa) grown as a pasture for livestock grazing may be profitable if grown on a small proportion of the farm area, but highly unprofitable at large areas. Overall, farmers currently lack access to a suite of well adapted and profitable perennial plant options that they could viably use in place of annuals as their main enterprises.
Considering these results, it appears that there is little that farmers in the study region can or should currently do to adapt to long-term climate change. The overall impact of past climate change on crop yields has been minimal, and, for reasons other than climate change, farmers have already adopted many of the practices recommended for future climate change. Given the speed and uncertainty of climate change, before farmers adopt more extreme measures, it would be prudent to wait and observe the course of climate change and technological developments within agriculture. In other words, calls for farmers to make 'transformational changes' (e.g. Stokes and Howden 2010) appear premature, at least for this region.
In the Introduction we identified four broad roles for science that may be relevant to climate adaptation in agriculture: promoting adoption of existing technologies, developing new technologies, measuring and predicting climate change, and disseminating such measurements and predictions. The analysis above indicates that there are likely to be limited benefits from the first role in the study region. Even the practice of 'participatory research' with farmers, as advocated by Stokes and Howden (2010) , appears to have limited scope to generate benefits related to adaptation to long-term climate change, given the results reported earlier and the farming context discussed above. Such participatory research may be more likely to generate benefits related to different issues (e.g. tactical responses to shortterm climatic variation).
On the other hand, investment in research and development to generate new technologies that are suitable for predicted future conditions appears to have strong prospects to generate benefits related to climate-change adaptation.
Research priorities to assist farmers with adaptation
Given the need for research, rather than current adaptation, as highlighted in the previous section, which areas of research are most likely to be beneficial? Productive options may include the following.
(a) Breeding to increase water-use efficiency (WUE) of crops. This is already an area of active research in Australia (Kirkegaard 2010) , but the benefits of it may be enhanced if projections of further rainfall reductions are realised. (b) Breeding to increase heat resistance of crops. As with WUE, this is important already (Asseng et al. 2011 ) but could become more so following further climate change, particularly if the frequency of high-temperature days increases further. (c) Breeding to increase yield under conditions of high atmospheric CO 2 . Experimental evidence has shown that past breeding has inadvertently selected against wheat yield under high atmospheric CO 2 (Manderscheid and Weigel 1997; Ziska 2008; Ziska et al. 2004) , with older cultivars responding more to CO 2 enrichment than modern cultivars. This appears to be due to a greater CO 2 effect on those growth components that were altered during wheat breeding, i.e. stem weight and height, number of ears and number of tillers (Manderscheid and Weigel 1997; Ziska 2008; Ziska et al. 2004 ). (d) Selection and breeding of new species and cultivars of perennial plants (crops, pastures and woody perennials) to enhance their commercial potential under climate change and high CO 2 . Efforts in this direction have commenced (for woody species: e.g. Curtis and Wang (1998) and pastures: e.g. Lilley et al. (2001) and Ross et al. (2004) ).
Breeding is often slow (e.g. 10-12 years to develop a new crop cultivar, 20 years or more to develop a new species to the point of commercial production), so it needs to be commenced well before it is expected that new cultivars and species will be needed. However, given that changes in CO 2 , temperature and perhaps rainfall are likely to be slow, there is time for breeding and selection to deliver outputs in time for them to meet future needs. Given uncertainty, particularly about rainfall, breeding efforts should ideally allow for a range of future scenarios, by either developing multiple options, or flexible options.
Next, we discuss scientists' roles in developing and disseminating information that may assist farmers with their decision making about adaptation to climate change. A clear role for the science community is to share their current knowledge, uncertainties and future knowledge gains with the farming community to help them to understand climate change and, potentially, prepare to adapt to it. Again, there are several distinct areas of research that could be pursued.
(a) Further research to understand past changes and their impacts on agriculture. As illustrated earlier, this research can provide insights that are relevant to consideration of current and/or future adaptation strategies for farmers, increasing confidence about whether adaptation is currently warranted. (b) Research to improve the understanding and quantification of future climate change, including improvements to Global Circulation Models, regional downscaling, and handling of uncertainty. An outcome from this research could be reduced uncertainty about the required characteristics of new technologies (e.g. the degree of resistance to drought or heat that is required), allowing better targeting of investment in technology development. It would also assist farmers and others to make improved decisions about investment in infrastructure, or other somewhat irreversible investments with long lives. It would likely not generate major benefits for crop and livestock management in the short to medium term. (c) Research and development to improve within-season forecasting of rainfall and perhaps temperature. This would allow farmers to increase their incomes by reducing inputs in low-yielding seasons (dry and with a high frequency of extreme temperatures) or increasing inputs in potentially high-yielding seasons (medium rainfall/wet seasons and with a low frequency of extreme temperatures). Of course, improved seasonal forecasting systems would be valuable now, given the large and currently unpredictable variability in rainfall and extreme temperatures between seasons. We have no reason to expect that climate change will increase the absolute benefits from improved seasonal forecasting. However, if climate change results in a lower frequency of high-yielding seasons, a larger proportion of farmers' income will depend on their ability to fully exploit years with high yield potential. (d) Research to understand industry-wide consequences of predicted climate change for resource management and conservation. For example, research may assess the potential appearance or spread of new pests and diseases due to temperature changes, or changes in runoff and erosion as a consequence of changes in rainfall amount and intensity. This knowledge will help planning at the industry level for government or private investments. For example, research may influence decisions about dam construction or design, erosion risk management, or pest containment.
It follows from our earlier discussion that the benefits from the various areas of research outlined above will not primarily be generated as a result of farm-level adaptations to climate change in the short to medium term. Rather, they will largely arise from eventual adoption of new farming technologies that do not currently exist, from decisions to be made some years hence, and from short-term industry-level decisions with long-term consequences.
Conclusions
In the wheat-belt of Western Australia, there is little or no need or scope in the short term for farmers to adapt to long-term climate change. Measurable climate change has occurred during the 20 th century, but when the within-season timing of change is considered and combined with the benefits of higher CO 2 concentration, the overall impact on wheat yields has been minimal. Further, current practices that are being promoted to farmers as appropriate tools for adaptation to climate change are either already considered standard 'best practices' for reasons other than climate change, or else are not currently widely adoptable due to their adverse economic performance when implemented at large scale. In terms of public policy for adaptation to climate change in the region, the greatest benefits are likely to be generated by research and development. We highlight the need for research to develop improved agricultural technologies, such as new crop cultivars or new types of perennial plants that are tolerant of predicted climatic changes. There are also likely to be benefits from research to improve understanding and prediction of climate change and its impacts, including long-term and within-season predictions of yield consequences, and industry-wide long-term consequences of predicted climate change for resource management and resource conservation.
